, to infer Eocene regional atmo spheric circulation patterns (Fricke, 2003) , and to estimate paleoaltitude (Norris et al., 1996 (Norris et al., , 2000 Dettman and Lohmann, 2000) . These studies demonstrate the potential for δ
O in this record is not diagenetic. A simultaneous shift to evaporative conditions in the Uinta Basin to the south indicates that the δ

18
O shift and lake-type change are not driven by regional climatic cooling and/or humidity increase. We propose that all of these observations resulted from the capture by Lake Gosiute of a river that drained higher elevations in central or north-central Idaho. Mass-balance modeling of Eocene Lake Gosiute indicates that capture of a river with an annual average discharge of ~20 billion m 3 /a (slightly larger than the modern Snake River) and δ
O of -24‰ standard mean ocean water (SMOW) or lower would be capable of producing the observed change. A more likely alternative is a river with less negative δ
O and greater discharge. For example, if river waters had a δ
O composition of ~−16‰, an estimated river discharge of ≥50 billion m
INTRODUCTION
Oxygen isotope records from lacustrine carbonate, paleosol carbonate, and phosphatic continental faunal remains are commonly used to recognize local and regional climatic variation, and the Paleogene basins of western North America have been the setting for several such studies. δ
18
O records from these basins have been used to support estimates of Paleocene seasonality and Paleocene-Eocene warming (Dettman and Lohmann, 1993; Fricke et al., 1998; Koch et al., 2003) , to infer Eocene regional atmo spheric circulation patterns (Fricke, 2003) , and to estimate paleoaltitude (Norris et al., 1996 (Norris et al., , 2000 Dettman and Lohmann, 2000) . These studies demonstrate the potential for δ
O to document orogenic uplift histories and associated climatic effects, a possibility which has generated particular interest in δ 18 O records from intermontane settings worldwide (e.g., Chamberlain et al., 1999; Garzione et al., 2000; Kleinert and Strecker, 2001; Poage and Chamberlain, 2001; Rowley et al., 2001; Blisniuk and Stern, 2005; Kent-Corson et al., 2006) . Most δ
O-based paleoclimate and paleoelevation studies rely on a simplifying assumption that the upstream drainage network supplying water to the system remains unchanged during the period of record. However, upstream changes in the long-distance regional drainage patterns of rivers, lakes, and groundwater have the potential to affect these downstream δ
O records. Particularly in mountainous settings, precipitation δ 18 O values can be highly variable within a small geographic area, and downstream basins may merge waters that have traveled hundreds of km from their sources. Several factors may produce rapid catchment reorganization causing abrupt downstream sedimentary changes, including drainage capture by knickpoint migration (e.g., Zaprowski et al., 2001) , landslide activity (Korup, 2005) , and drainage diversion by tectonic uplifts (e.g., Dickinson et al., 1988; Okay and Okay, 2002; Smith et al., 2008; Davis et al., 2009) . Accurate interpretation of downstream isotopic records consequently requires understanding the evolution of upstream drainage networks.
The Green River Formation of Wyoming provides a unique opportunity to test the significance of δ
O variation produced by changes in regional drainage patterns. Green River Formation strata are among the most extensively studied in the world, providing a well-constrained stratigraphic and chronological framework (e.g., Bradley, 1929 Bradley, , 1964 Eugster and Hardie, 1975; Surdam and Wolfbauer, 1975; Stanley, 1979, 1980; Smoot, 1983; Roehler, 1973 Roehler, , 1992 Roehler, , 1993 Carroll and Bohacs, 1999; Smith et al., 2003 Smith et al., , 2008 . Furthermore, several authors have suggested that changes in regional drainage infl uenced the depositional history of the Green River Formation. Dynamic interbasin drainage relationships are cited as a control on the evolution of sediment dispersal in the Laramide basin system (Seeland, 1985; Dickinson et al., 1988) , while in the Greater Green River Basin previous work has documented drainage diversion by uplift (Pietras et al., 2003) , sediment infi lling (Surdam and Stanley, 1980) , and the expansion of drainage networks during lake highstand . This paper presents δ 18 O data across a lithologically defi ned lake-type change within the Laney Member of the Green River Formation, and considers the hypothesis that a large negative shift observed in these data provides geochemical evidence for a drainage capture event.
GEOLOGIC SETTING
Deposited by Lake Gosiute in the Greater Green River Basin between ~53 and 48.5 Ma , the Green River Formation records a wide range of depositional conditions including fl uvial-lacustrine, fl uctuating-profundal lacustrine, and evaporative lacustrine (cf. Carroll and Bohacs, 2001) . Lacustrine deposition reached its maximum areal extent (~40,000 km 2 ) during deposition of the LaClede Bed of the Laney Member (Roehler, 1993) . Airfall tuffs inter bedded with lacustrine strata provide means of correlation and excellent age control for Green River sediments (Smith et al., 2003 .
The Greater Green River Basin is a portion of the Sevier foreland ( Fig. 1) , which was segmented by basement-cored Laramide uplifts beginning in the Maastrichtian (Dickinson et al., 1988; DeCelles, 2004) . Lacustrine deposition in the basin coincided with the late stages of Laramide uplift in southern Wyoming (Dickinson et al., 1988; Carroll et al., 2006) . The adjacent Sevier plateau had already reached high elevations by the late Cretaceous, although compression continued through the Early Eocene as indicated by motion on eastern Sevier thrusts as recent as ca. 50 Ma (DeCelles, 2004) . Cordilleran collapse, represented by the formation of extensional basins (Constenius, 1996) and crustal-scale extensional faulting , initiated between ~50 and 48 Ma at the latitudes of the Greater Green River Basin and 49-47 Ma farther north.
Laney Member sediments that overlie the youngest rocks displaced by the Wind River Thrust on the northern basin margin suggest that this Laramide fault was inactive by ~49-50 Ma (Steidtmann and Middleton, 1991) . In the southern Greater Green River Basin, Dickinson et al. (1988) cites fl uvial conglomerates deposited along the margin of the Washakie Basin as late as 35-40 Ma as evidence that Laramide activity continued through the Late Eocene. However, the expansion of low-energy depositional environments adjacent to the North Uinta Thrust suggests decreased subsidence during Laney deposition, an indication that sedimentation outpaced load-induced subsidence during the mid-Eocene (Beck et al., 1988) .
The Absaroka Volcanic Province, located to the north of the Greater Green River Basin (Fig. 1) , produced predominantly andesitic and basaltic volcanics beginning ca. 55 Ma (Harlan et al., 1996; Hiza, 1999; Feeley et al., 2002) . Volcanism in the Absarokas built large stratocones and generally progressed from NW to SE, gradually approaching the Wind River Mountains and northern margin of the Greater Green River Basin (Smedes and Prostka, 1972; Sundell, 1993; Feeley and Cosca, 2003) . Farther west, the Challis Volcanic Field (Fig. 1 ) was active between ~50 and ~45 Ma (McIntyre et al., 1982; Fisher et al., 1992) , and also produced large volumes of calc-alkaline volcanic material.
Paleoclimate
Oceanic δ
18
O records indicate that the early Eocene was the warmest part of the Cenozoic (Pearson et al., 2007) , and deposition of the Green River Formation coincided with the peak and initial decline of the Early Eocene Climatic Optimum (Zachos et al., 2001; Smith et al., 2003 Smith et al., , 2006 Smith et al., , 2008 . Locally, estimates based on leaf size and morphology (Wing and Greenwood, 1993; Greenwood and Wing, 1995; Wilf, 2000) as well as fl oral and faunal assemblages (Leopold and MacGinitie, 1972; Wing and Greenwood, 1993; Markwick, 1994) (Wilf, 2000) . The younger Green River fl ora collected near Bonanza , Utah (ca. 47.3 Ma; Smith et al., 2008) indicate a slightly cooler and wetter climate, with mean annual temperatures between 14.3 ± 2 °C and 15.2 ± 2 °C (Wing and Greenwood, 1993) and mean annual precipitation of 84 + 36.2/−25.3 cm (Wilf et al., 1998) . However, these conditions still represent a warm, seasonally dry, setting.
Regional Paleoelevation Estimates
Greater Green River Basin
Eocene elevation of the Greater Green River Basin is highly contentious. The difference between enthalpy estimates from the inland Little Mountain fl ora and those of a coeval coastal assemblage has been cited as evidence that the elevation of the basin was greater than 2.1 km (Wolfe et al., 1998) . However, this method is likely to overestimate paleolatitude if "coastal" assemblages represent embayments or valleys with warmer temperatures than are characteristic of the coastline as a whole (Fricke and Wing, 2004) . In an attempt to circumvent this problem, Fricke and Wing (2004) compared the Niland, Sourdough, Latham, and Little Mountain fl ora to a regression-based, predicted mean paleotemperature for coastal sites between ~41 and ~45 degrees north latitude. This alternative approach yielded an average temperature difference of only 3.2 °C, corresponding to elevations of only ~0.6-1.3 km. Additional studies also suggest that the basin was at relatively low elevation. Bradley (1929) inferred from structural and erosional history that the basin fl oor was less than 1000 ft (~300 m) above sea level in the Eocene, and similar altitudes are suggested by comparisons of the Eocene Green River, Little Mountain, Boysen, Tipperary, and Lost Cabin fl oras in western Wyoming to the elevations of similar modern assemblages (Axelrod, 1968) .
Estimates of relief between the basin and surrounding uplifts also differ widely. Conifer pollen observed in the Green River Formation has been inferred to represent elevations greater than 3000-4000 ft (~900 m-1.2 km), which may indicate as much as 5000 ft (~1.5 km) of relief for basin-bounding uplifts (MacGinitie , 1969) . Norris et al. (1996 Norris et al. ( , 2000 report δ
18
O from micritic lacustrine carbonates in the Wilkins Peak Member of the Green River Formation of as low as -15.8‰ PeeDee belemnite (PDB) (14.6‰ SMOW) and propose that snowmelt-derived water originating at an elevation of >3 km was entering the lake from surrounding uplifts. However, low δ 18 O has been shown by Morrill and Koch (2002) to have an association with diagenesis in bivalves from the Luman Tongue and Laney Member of the Green River Formation, which they suggest could also account for sporadically low δ
O values in lacustrine sediments from the Wilkins Peak (Morrill and Koch, 2002; Fricke, 2003) .
Absaroka Volcanic Province
Paleobotanical assemblages suggest that paleo relief in the Absaroka Volcanic Province was 10,000 ft (~3 km) or more (Fritz, 1980) . Today , the volcanic edifi ce maintains modern local thicknesses of as much as ~1.5 km following extensive erosion (Smedes and Prostka, 1972 ). δ
18
O evidence from riverine bivalves supports 2.5-3 km of local relief in the Late Cretaceous-Paleogene Laramide Rockies around the Powder River Basin and Hell Creek Basin, as well as the presence of persistent snowfi elds in the mountains of Montana and northern Wyoming (Dettman and Lohmann, 2000) . If these esti mates are correct, some areas of high Paleocene elevation in Montana and Wyoming may have persisted into the Eocene, producing high relief even while mean elevation was falling (e.g., ). An abundance of conglomerate during the early Eocene in deposits of the Wind River, Bighorn, Gros Ventre, and Hoback basins (Love, 1939; Keefer, 1957 Keefer, , 1965 Dorr et al., 1977; Krause, 1985) also attests to signifi cant relief in the area.
Challis Volcanic Field and North-Central Idaho
The paleorelief of the Challis Volcanic Field is a subject of debate. Hydrogen isotope values from southeastern British Columbia indicate precollapse elevations as great as ~4000 m in parts of the North American Cordillera (Mulch et al., 2004 . The Bitterroot metamorphic core complex and Pioneer core complex, associated with the Cordilleran collapse, bracket the Challis Volcanic Field to the north and south, and both suggest that active displacement on June 4, 2010 gsabulletin.gsapubs.org Downloaded from maintained high relief during the Eocene. As much as 13 km of extensional unroofi ng had already taken place on the western footwall of the Bitterroot metamorphic core complex by ca. 49 Ma (House et al., 2002) and the metamorphic core of the Pioneer core complex was also exposed prior to the initiation of Challis vol canism (O'Neill and Pavlis, 1988) .
The only direct constraint on paleoelevation for the Challis is the Eocene Thunder Mountain fl ora, which estimates an altitude of only ~1730 m (Axelrod, 1998) . However, this paleofl oral assemblage comes from deposits within a caldera and may greatly underestimate the elevations of other parts of the Challis Volcanic Field, which likely included rapidly accumulated high relief which is no longer preserved. It is clear that signifi cant volumes of material have been removed by erosion from the Challis area, and high-elevation areas were likely prefer en tially removed. Pebble to boulder conglomerates affi liated with structural culminations in north-central Idaho are interbedded with Challis volcanic material in middle Eocene paleo valley fi ll (Janecke et al., 2000) , and support the idea of nearby high relief.
LANEY MEMBER STRATIGRAPHY
The lower LaClede Bed of the Laney Member, originally described by Roehler (1973) , is characterized by alternation between shallow and deeper-water lithologies (Fig. 2) . Flooding surfaces, sometimes marked by rip-up horizons, are overlain by shallow stromatolite and ostracod, oolite, or pisolite grainstone facies which grade into organic-rich laminated micrites (oil shales) representing deeper-water conditions. Shallow horizons are laterally extensive (Fig. 3) , and some stromatolites and grainstone beds can be traced throughout the Washakie Basin (Shultz et al., 2002 (Shultz et al., , 2004 . In typical cycles, laminated micrites gradually transition back to mud-cracked dolomicrite exhibiting casts of evaporite minerals such as nahcolite and trona (Rhodes, 2002) . Fish and other fossils are abundant in the lower LaClede but are often found concentrated in narrow horizons. These facies successions record fl uctuation of Lake Gosiute between the basin fl oor and its sill level (Surdam and Stanley, 1979; Rhodes et al., 2002) , likely with spillover into downstream Lake Uinta during highstands .
Lacustrine deposition in the lower LaClede Bed is interrupted by a distinct marker horizon known as the Buff Marker Bed (Roehler, 1973 (Roehler, , 1992 (Roehler, , 1993 . Marked by meter-scale desiccation cracks and a 10-15 m siltstone in the Washakie Basin (Figs. 2 and 3) , the Buff Marker Bed has previously been interpreted to represent a period of intense desiccation (Rhodes et al., 2007) . Lake cycles resume for ~10-15 m above the Buff Marker Bed, and in order to group sediments with similar overall lithofacies characteristics, this work includes lake cycles above the Buff Marker Bed as part of the lower LaClede (Fig. 2) after the manner of Carroll et al. (2008) .
The stratigraphic boundary between the lower and upper LaClede Bed is represented by a reduction in the dolomite content of micritic lacustrine carbonate (Fig. 3) . The contact can also be identifi ed by the initiation of the isotopic shift addressed by this paper (Fig. 3 ). In the fi eld, the boundary can be recognized by an underlying bench-forming surface composed of laterally equivalent stromatolites, ostracod grainstones, and fl at-pebble conglomerates. At sites which lack these facies, the Analcite Tuff 6-8 m below the contact is the nearest clear marker. It is inferred that the lower-upper LaClede boundary represents permanent fi lling of Lake Gosiute to a spill point located to the southeast (Carroll and Bohacs, 1999; Rhodes, 2002) , and consequently the lower LaClede-upper LaClede boundary is referred to as a "fi ll to spill" surface.
The upper LaClede Bed is dominated by fi nely laminated, organic-rich calcimicrite. The preservation of fi ne lamination demonstrates an absence of burrowing organisms, and suggests that deposition took place below wave on June 4, 2010 gsabulletin.gsapubs.org Downloaded from base. Fish, freshwater ostracods, and leaves are abundant but irregularly distributed in the upper LaClede, while shallow-water facies and desiccation indicators are absent. Freshwater bivalves have also been reported in the upper LaClede Morrill and Koch, 2002) . The consistency of profundal facies in the upper LaClede Bed implies that lake level remained continually fi lled to its spill point during deposition. Above this surface, the volume of volcanic-derived sediment gradually increases, and fi nal sedimentary infi lling of Lake Gosiute is represented by the deltaic dolomitic siltstones and volcaniclastic sandstones that comprise the Sand Butte Bed. The Sand Butte Bed is time-transgressive, and found both laterally equivalent to and stratigraphically overlying LaClede Bed lacustrine facies (Figs. 2 and 3). Associated sands progressively fi lled the Greater Green River Basin from the north before spilling into the Piceance Creek Basin to the south. Sediment composition suggests that these deltaic sands are derived from lithicrich sediment sources, such as the Absaroka Vol canic Province (e.g., Surdam and Stanley, 1980) or the Challis Volcanic Field (e.g., Smith et al., 2008) , as shown in Figure 1 .
METHODS
Sampling and Correlation
Samples for this study were collected from three outcrop sections and three drill cores. Section locations were chosen to represent depo sitional conditions over a wide area of the Greater Green River Basin ( Fig. 1 ), but they are also based on exposure quality. Initial correlations were based on identifi able tuffs, the Buff Marker Bed, and stromatolite beds. Correlations build on the work of Rhodes (2002) and use stratigraphic data from the Firehole Canyon section included in that work for support. The Green River Community College section has uncertain relationships to the rest of the measured sections because it lacks recognizable stratigraphic markers (Fig. 3) .
X-Ray Diffraction
Samples used in this study exhibit variable carbonate mineralogy, ranging from pure calcite to pure dolomite. Oxygen isotope fractionation in calcite has been studied extensively (O'Neil et al., 1969; Kim and O'Neil, 1997) , but fractionation during direct precipitation of dolomite is poorly constrained at surface temperatures (Sharma and Clayton, 1965; Fritz and Smith, 1970; Rosenbaum and Sheppard, 1986) . In order to evaluate the effect of mineralogical variation on δ 18 O, sample mineralogy was determined on a Sintag PAD V X-ray diffractometer using a Cu Kα X-ray source (λ = 1.5418 Å) in the S.W. Bailey X-ray Diffraction Laboratory at the University of Wisconsin-Madison.
Scans of powdered sample were run between 20° and 55° 2θ, a range which encompasses all signifi cant calcite and dolomite peaks.
Step size for all scans was 0.02°, and step time was either one second or two seconds, based on the time required to obtain adequate count intensity. Rela tive areas of the sums of all dominant calcite peaks (peaks between 29.30° and 30.00° 2θ) and all dominant dolomite peaks (peaks between 30.40° and 31.10° 2θ) were used to estimate the calcite-dolomite proportion of carbonate for each sample according to the relationship
where A represents the area under X-ray diffraction (XRD) peaks of the mineral phases of interest. This relationship is a modifi ed version of the method discussed by Royse et al. (1971) using peak height. Although peak height is shown to be more accurate than peak area in that study, area is preferred in this case in order to better represent low, broad peaks generated by poorly crystalline material. Resulting %calcite XRD values are only semiquantitative but allow the defi nition of three generalized categories: calcite (%calcite XRD ≥80), mixed mineralogy (80 > %calcite XRD >20), and dolomite (%calcite XRD ≤20).
Isotopic Analysis
Isotopic analyses using a modifi cation of the techniques of McCrea (1950) were performed on a Finnigan Delta +XL mass spectrometer in the Stable Isotope Biogeochemistry Lab oratory at Stanford University. CO 2 for analysis was evolved from reaction of carbonate powder with pure phosphoric acid at 72 °C in reaction vessels fl ushed with helium gas. Corrections have not been made for variable acid fractionation between calcite and dolomite, which may cause measured δ
18
O in samples containing dolomite to be as much as 0.8‰ too high (Sharma and Clayton, 1965) . Precision of analyses is ±0.2‰ (1σ standard error) based on repeated analyses of Stanford RHOM calcite standard and MERCK calcium carbonate powder. Lower precision (±0.3‰, 1σ) is assigned to one sample run which produced abnormally variable standard values. Correction factors between -0.65‰ and 0.70‰ (average 0.25%), based on the deviation of the standard value aver age of each run from its expected value, have been applied to data to account for variations in machine performance during different runs. All oxygen data are reported relative to Vienna standard mean ocean water (VSMOW), and averages weighted by standard deviation were used for duplicate analyses.
In order to test possible effects on δ
O of organic matter in Green River carbonates, eight organic-rich subsamples and one aliquot of MERCK internal calcite standard (0% organic matter) were treated overnight with a 3% H 2 O 2 solution to remove organic material (cf. Boiseau and Juillet-Leclerc, 1997 O in these samples. One sample, WB1-351, exhibits a measurable differential (0.7‰) between treated and untreated samples. However, data from this sample have a high standard deviation, and the measured difference could be due to a small signal and associated analytical issues.
Mass-Balance Modeling
A mass-balance model was designed to test the relative infl uence of environmental parameters on isotopic composition in Lake Gosiute. Boundary conditions for the model were established based on published estimates of temperature, precipitation, lake depth, and lake area. Other parameters, such as the δ
18
O and volume of infl uxes and outfl uxes, were defi ned to match lower LaClede δ 18 O data to model output in the initial balance-fi lled condition (Table 1) .
The model equation (Table 1) modifi es an initial isotopic composition with fi ve primary factors: precipitation within the immediate Lake Gosiute drainage basin, infl ux of water from outside the basin (i.e., river capture), evaporation from the lake surface, evapotranspiration and evaporation from the basin catchment area, and out fl ow over a basin sill (Fig. 4) . A lack of data to constrain groundwater conditions and composition prevents the inclusion of a groundwater fl ux in this model. Likewise, values for input parameters such as atmospheric vapor δ 18 O, humidity, and wind are unconstrained, preventing effective incorporation of back-condensation in model calculations. However, these oversimplifi cations may be partly accounted for by the initial choice of δ
O values for lake surface and catchment precipitation. Because model fl ux values are rates, their effect is dependent upon the time over which they are applied. For purposes on June 4, 2010 gsabulletin.gsapubs.org Downloaded from of these calculations, the observed isotopic shift is constrained to within 200,000 years, so model calculations are performed using t = 200 ka. This timescale is long compared to residence time in the lake, so model output from both initial and modifi ed model conditions can effectively be considered a steady-state value.
In the initial model condition, it is assumed that Lake Gosiute exactly fi lled its basin, with no outfl ow (Fig. 4A) . Precipitation on the lake surface and runoff from the immediate drainage area are balanced by evaporation from the lake surface, so evaporation rates are chosen to satisfy Q L + Q C = Q E . The initial isotopic composition of lake water (δ I ) is based on average δ Majoube, 1971 ) and does not account for the infl uence of other climatic factors such as wind speed or atmospheric humidity for the reasons discussed above with respect to backcondensation. Adjustment of parameters such as evaporation rate, precipitation rate, and temperature while holding other parameters constant in this initial state allows testing of the sensitivity lake-water δ
O has to these factors. The second model condition differs from the initial state by inclusion of an extrabasinal river fl ux. Climatic and isotopic parameters from the initial condition are held constant at the preferred values, and new infl ow (Q R ) is exactly balanced by introduced outfl ow (Q O ) rather than adding measurable increases in lake depth or volume (Fig. 4B) In the initial condition, infl ow from the uplift-bounded basin is balanced by evaporation keeping lake level at sill level. After an extrabasinal river infl ow is intro duced, the lake spills across the sill and outfl ow is added as a model parameter.
Apart from the initial lake-water δ 18 O value constrained by lower LaClede carbonate data, the best constraints on model conditions are associated with paleobotanical annual temperature and precipitation estimates from the Little Mountain fl ora (Wilf, 2000) . Lake surface area is constrained by the maximum mapped area of the Laney Member (Roehler, 1993) , and drainage catchment area is based on the approximate area surrounded by the basin-bounding drainage divides in the modern Greater Green River Basin. Estimated lake depth is based on the preserved relief of delta-front clinoforms in the Sand Butte Bed (Surdam and Stanley, 1980) and on the presence of preserved fi nely laminated facies (cf. Olsen, 1990) . Both catchment area and lake depth estimates are highly uncertain but have virtually no effect on the model results (Fig. 5) .
Even in modern settings, evaporation is diffi cult to measure directly, and calculated estimates can vary by as much as 8 cm/mo. depending on which equation is used (Winter et al., 1995) . However, two separate data sets from modern lakes both suggest that model evaporation rates are reasonable, and may even overestimate the effect of evaporation by using an initial precipitation-evaporation (P-E) ratio <1. Based on compiled data calculated from information regarding radiation balance, air temperature, and air moisture, modern lakes larger than 500 km 2 with precipitation between 70 and 80 cm/a have actual evaporation ranges between 26 and 73 cm/a ( Fig. 6 ; Herdendorf, 1984) . Although the reliability of this data is somewhat uncertain, evaporation data from Williams Lake in Minnesota, determined by energy budget calculation methods (cf. Harbeck, 1958; Gunaji , 1968) , are likely to be more reliable and tell a similar story. Seasonal daily evaporation rates from this location calculated between 1982 and 1986 (Sturrock et al., 1992) would produce between 79.9 and 102.9 cm/a evaporation, if they were applied to a 12-month open-water season. This suggests slightly higher absolute evaporation rates than the Herden dorf data, but Williams Lake and nearby locations also receive >80 cm/a precipitation, and summer monthly P-E ratios suggested by these data are also >1 (Sturrock et al., 1992) .
Due to interdependence between some model parameters within model calculations, model output error is diffi cult to quantify. However, adjusting T, P, A L , A B , E C , E L , δ PC , and δ PL to generate a range of Q R versus δ
O curves for specifi c δ R values allows approximation of the potential variability in model results.
RESULTS
X-Ray Diffraction Mineralogy
Laney samples are dominated by calcite and dolomite mineral phases, but a strong quartz peak is also present in almost all samples, and minor peaks from unidentifi ed subordinate phases are present in ~30% of the samples. Clays are not identifi ed in XRD patterns from these samples. However, no attempts were made to prepare oriented clay slides for XRD analysis (cf. Moore and Reynolds, 1997) , and the range of 2θ angles represented by common clay peaks was not analyzed for most samples. The %calcite XRD determinations show only weak correlation between mineralogy and δ 18 O in these samples (Fig. 7A) (Fig. 7B) . High δ
18
O in these samples corresponds with shallow-water lithology and low %calcite XRD (Fig. 2) 
Max. Isotopic shift (7.9 ‰)
P=125% E=75% 175% O fractionation between pure calcite and pure dolomite of ~2.6‰. Experimentally produced "proto dolomite" compositions show that under surfi cial conditions, oxygen isotopes of dolomite formed by disordered chemical precipitation are expected to be 3‰-4‰ higher than calcite from the same waters (Fritz and Smith, 1970) , which is consistent with this result. Including WB1 lower LaClede samples above the Buff Marker Bed reduces the confi dence of this correlation (R 2 = 0.3902), and no other section produces correlations with high confi dence.
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Oxygen Isotope Composition
Oxygen isotope results show a distinct negative shift at the lower LaClede-upper LaClede boundary, immediately preceded by a brief positive excursion marked by dolomitic mineralogy (Figs. 2 and 3 ). This isotopic event is completed within less than 15 m above the fi ll to spill surface. The highest observed oxygen isotope values are found in the positive excursion at ~5 m above the boundary (30.3 ± 0.2‰). Values of δ 18 O as low as 17.5 ± 0.3‰ are observed in the upper LaClede, and δ 18 O in the upper LaClede is consistently lower than in the lower LaClede (Fig. 3) . Calcite and dolomite from the lower LaClede have an average δ 18 O of 27.0‰ ( (Fig. 3 and Table 2 ).
Model Results
Model results suggest that the isotopic composition and volume of lake infl ows are significant controls on lacustrine δ /a) is required with an isotopic composition ≥-17‰ (Fig. 8A) . These water volumes are consistent with a river between the size of the modern Colorado River and modern Missouri River, with low δ 18 O characteristic of a high-elevation water source. Model curves generated at 26 °C, rather than the mean annual temperature of 19.6 °C, suggest smaller rivers would produce the observed isotopic change if carbonate formation took place seasonally during warm summers. However, this effect is small for low δ
18
O infl ows, so the minimum size of the river needed is only reduced by a small volume (Fig. 8B) .
Changes in precipitation and/or evaporation are the only climatic parameters with capability in the model to independently produce change equivalent to that observed in the Laney data (Fig. 5) . However, a 6.2‰ reduction in δ
O requires at least a 33% reduction in lake-surface evaporation (~25 cm/a) under constant annual precipitation conditions. An increase in precipitation of 50% or greater is needed in the absence of reduced evaporation. In order to reach the minimum measured lower LaClede value, a 50% or greater evaporation decrease (~40 cm/a) is needed, or an ~30% increase in precipitation Herdendorf (1984) . In most cases, precipitation is greater than measured evaporation even in saline lakes. This relationship indicates that it would be unreasonable to choose an initial model evaporation rate higher than the one used in this study (fi lled black box).
on June 4, 2010 gsabulletin.gsapubs.org Downloaded from combined with an ~30% decrease in evaporation. Other combinations of reduced evaporation, increased precipitation, increased temperature, and reduced lacustrine surface area are also capable of causing isotopic change of this magnitude, but in all cases a dramatic increase in P-E (on the order of 50% or more) is required.
DISCUSSION
Origin of Laney Carbonate
Laminated, fi ne-grained calcitic carbonates such as those observed in the Laney Member are texturally consistent with formation by primary precipitation from surface waters. This mechanism is one way that laminated carbonate sediments in modern lakes are commonly formed (e.g., Talbot, 1990) , although laminations are only preserved in the absence of bioturbation. A primary precipitation mechanism for the formation of calcite in the Green River Formation is also supported by Surdam and Stanley (1979) , who argue that calcite precipitation resulting from the periodic stratifi cation and/or mixing of fresh infl ows with more saline-alkaline lake water would explain laminated, kerogen-rich, calcitic highstand deposits.
Dolomite formation in the Green River Formation may be the result of different processes than calcite formation, and has been described by two main competing models. In the Wilkins Peak Member, silt-to sand-sized particles eroded from dolomitic surface crusts, caliches, and tufas have been proposed as the source of dolomicrite in the lake, accounting for both the fi ne grain size of dolomitic carbonate and the presence of intraclasts in lacustrine sediment (Smoot, 1983) . Laney dolomite may form in a similar way, where lowstand dolomicrites analogous to modern penecontemporaneous dolo mite formed in sabhka and supratidal settings could have been transported and mixed with lacustrine calcite (Surdam and Stanley, 1979) . Mud cracks and intraclasts in the lower LaClede support this model by documenting periodic subaerial conditions, and an absence of kerogen in the dolomicrite may refl ect oxidation due to subaerial exposure (Surdam and Stanley, 1979) . Correlation of dolomite content with facies change also supports a playa-mudfl at mechanism for dolomite formation in the Green River Formation (Wolfbauer and Surdam, 1974) . If dolomite in the Laney Member had an allogenic playa dolo micrite origin, its δ
18
O composition may refl ect evaporative 18 O enrichment in playa waters sepa rated from the main lake.
An alternative to the playa-lake model is biogenic Mg enrichment by blue-green algae in lake-bottom sediments, as has been suggested based on mineralogical data from the Piceance Creek Basin (Desborough, 1978) . According to this model, Mg concentrated into biomass by algae and released during organic matter decay allows dolomite formation in organic-rich carbonate sediments. Biogenic infl uence on lake-center dolomites is supported by cation substitution noted in profundal dolomite samples (Mason and Surdam, 1992) , in contrast to a lack of cation substitution in inferred mudfl at dolomites.
Low-temperature formation of dolomite cements, fi lms, and travertines from fresh water, attributed to interaction between Mg O'Neil and Barnes, 1971) . However, this model for dolomite formation is unlikely to explain widespread dolomicrite associated with the Green River Formation, because the Mg-and Ca-rich waters involved are associated with ultra mafi c rock types and serpentinization that are not present in the Greater Green River Basin.
Because different formation mechanisms with potentially different 
Late Diagenesis
Although partial silica replacement of carbonate observed in stromatolitic and oolitic facies supports localized alteration in permeable facies of the Laney, it is not observed in micritic sediments. Moreover, several points argue for preservation of original or penecontemporaneous δ
18
O values in the Laney Member. Because of the abundance of relatively impermeable shales and mudstones in the Laney Member, it is unlikely that diagenetic solutions penetrated pervasively after lithification (Wolfbauer and Surdam, 1974) . Preserva tion of 100-µ-scale lamination, visually well-preserved fossil fi sh, and 87 Sr/
86
Sr variation with facies patterns in the lower LaClede ( Fig. 2 ; Rhodes et al., 2002) provide evidence that extensive postdepositional recrystallization has probably not taken place. The fi ne-grained (clay and silt size) nature of calcite and dolomite particles, including iron-rich phases, is further evidence against diagenetic origin for the minerals (Surdam and Stanley, 1979) . The δ 18 O data themselves also have several features that argue against diagenesis. Permeable stromatolite and grainstone facies, the most likely carriers for diagenetic fl uids in the lower LaClede, tend toward high δ 18 O suggesting that if diagenesis affects these rocks, it causes high δ 18 O rather than the low diagenetic δ 18 O reported by Morrill and Koch (2002) . The observed δ 18 O shift is progressive, requiring that if diagenesis is responsible, it had a gradually increasing effect stratigraphically upward. Furthermore, the same pattern is observed in several sections across a wide area, with >100 km between the most widely separated (Fig. 1) , indicating that diagenetic fl uids would have had to act uniformly over a large lateral area.
Based on decreased δ
18
O of altered Eocene bivalves, Morrill and Koch (2002) suggested that diagenesis is a possible source of the very low micritic δ
O values observed by Norris et al. (1996 Norris et al. ( , 2000 in the Wilkins Peak Member. The best verifi cation of the primary nature of δ 18 O in Laney micrites, however, comes from aragonitic bivalve samples measured by Morrill and Koch, collected north of Manila, Utah (Fig. 1) . These bivalves were taken from coquinas stratigraphically equivalent to the upper LaClede Bed in the upper Laney (C. Morrill , 2005, personal commun.) , and preserved aragonitic mineralogy and annual growth layers demonstrate clearly that they refl ect primary depositional values. δ
O of the Manila bivalves falls between 19.54‰ and 25.56‰ (SMOW), with a mean of 23.13‰ and four samples below 22‰ (Fig. 9) . These low primary values suggest that a δ 18 O value of 22.16‰ (the observed upper LaClede average) is reasonable for upper Laney micritic carbonates.
Climate Change
Relative depletion in 18 O can potentially be accounted for by many factors, such as cooler temperatures, increased rainfall and/or decreased evaporation, increased elevation, or change in dominant moisture source. This multivariable system is further complicated by fractionation during mineral crystallization. Increased temperature corresponds to higher rainfall or snowfall δ 18 O (Rozanski et al., 1993) but can also lead to decreased fractionation during mineral precipitation and produce lower mineral δ 18 O (O'Neil et al., 1969) . None of these factors, however, are adequate to explain the shift observed in this record satisfactorily. Although the facies change across the lower LaClede-upper LaClede boundary could be associated with increased precipitation, decreased evaporation, or both, the observed iso topic shift would require a dramatic combination of increased rainfall, reduced evaporation, and decreased temperature. δ
18
O values of calcite remain low through the entirety of the upper LaClede Bed, suggesting that the isotope shift was caused by a permanent change, and no independent evidence has been reported for concurrent rapid climate change in the western United States.
In contrast to the large δ
O shift observed in Laney micrites, an oxygen isotope record documenting the Paleocene-Eocene Thermal Maximum (PETM) in the Bighorn Basin shows less than 2‰ variation in oxygen isotopes from soil carbonates (Koch et al., 2003) . The PETM is associated with sea surface temperature warming of as much as 8 °C (Zachos et al., 2001) , while local warming estimates in the western United States are 4-6 °C (Fricke et al., 1998; Fricke and Wing, 2004) . If such a large climatic change produced oxygen isotope variation of on June 4, 2010 gsabulletin.gsapubs.org Downloaded from only ~2‰, climatic cooling or increase in rainfall or snowfall required to produce a >5‰ shift would be expected to be extreme. Although the model does indicate that a large reduction in evaporation and/or increase in precipitation would be capable of producing the observed shift, particularly in combination with decreased temperature (Fig. 5) , this confl icts with the few applicable fl oral studies, which suggest either very slightly wetter conditions (Wing and Greenwood, 1993) or even increasingly dry conditions in the Middle Eocene (Leopold and MacGinitie, 1972) .
Climatic explanations also fail to address the observed shift in Sr isotope values (Figs. 2 and  3) . Although δ
O is frequently infl uenced by climatic factors, Sr refl ects the crustal age and composition of the rocks that interacted with water entering the lake. Furthermore, 87 Sr and 86 Sr do not undergo fractionation during evaporation, and therefore change in the Sr isotope ratio cannot be the result of decreased evaporation from the lake surface.
Regional correlations based on dated tuffs provide some of the strongest evidence against a climatic mechanism for hydrologic change in the Laney Member. Deposits of the Parachute Creek Member in the Uinta Basin, contemporaneous with the overfi lled upper LaClede Bed, contain bedded evaporites suggestive of underfi lled conditions. This rules out a regional decrease in evaporative conditions at the time of the δ 18 O shift , as might be expected from a regional climatic forcing mechanism.
Regional Uplift
Increasing the elevation of ranges surrounding the Greater Green River Basin through rapid uplift would provide an explanation for decreased δ
18
O in the Green River Formation. However, the timing of the δ
O shift is constrained between 40 Ar/ 39 Ar ages of 48.94 ± 0.12 Ma from the underlying Analcite Tuff (Smith et al., 2003) and 48.70 ± 0.19 Ma from detrital feldspar of a sand in the overlying Sand Butte Bed ( Fig. 3 ; Smith et al., 2008) . Detrital grains were likely deposited rapidly after being erupted, because the apparent age from the stratigraphically nearest overlying tuff, the Continental Peak Tuff (48.66 ± 0.28 Ma), is within error of this detrital age . Based on an average modern global lapse rate of 2.8‰/km (cf. Poage and Chamberlain, 2001 ), ~2.2 km of uplift would be necessary to bring about a -6.2‰ change. Explaining the magnitude of change from maximum to minimum values (~-7‰) requires even greater surface uplift. To produce uplift of these magnitudes in the on June 4, 2010 gsabulletin.gsapubs.org Downloaded from observed timeframe requires uplift rates on the order of 11 mm/a. For comparison, rapid uplift rates in the New Zealand Alps reach ~10 mm/a (Little et al., 2005) . Such extreme rapid uplift is inconsistent with waning Laramide activity during deposition of the Laney, and also fails to explain the transition to overfi lled conditions in the lake. Increasing elevation by growth of volcanic topography could have been much more rapid than tectonic uplift, and may have been capable of producing isotopic change of large magnitude in the precipitation of the Challis or Absaroka regions. Criss and Fleck, 1987) .
River Capture
Discharge-weighted average δ
18
O observed in modern western U.S. rivers is rarely lower than -17‰ (Fig. 8) , implying that the seasonally averaged composition of even high-elevation rivers is unlikely to be as low as -24‰. Consequently, the captured river was probably larger than the minimum discharge that satisfi es the mass-balance model. Although large rivers commonly have higher δ
O than small tributaries due to the mixing of water from different parts of the catchment, rivers with discharges as great as 3000 m 3 /s (90 × 10 9 m 3 /a) are abundant in a survey of world rivers and commonly carry water across distances of 1500 km or more (e.g., Petrere et al., 1998 O measured a few miles downstream at station 12472900 ranges between -18.05‰ and -16.54‰ (Coplen and Kendall, 2000) , with an average of -17.17‰ given by weighting δ
O values according to discharge from the upstream site on the date of measurement. Because these data are collected downstream of a dam, where increased residence time in the reservoir increases evaporative enrichment of 18 O in the water, this value might be even lower under natural conditions. Given the isotopic composition of the river, the discharge of the Columbia is more than double that needed to cause an isotopic shift such as the one in the upper Green River Formation (Fig. 8) .
The lack of detailed correlation between 87 Peterman et al., 1970; Meen and Eggler, 1987; Hiza, 1999; Feeley et al., 2002 Sr (Criss and Fleck, 1987) . These values would clearly contribute to decreased 87 Sr/ 86 Sr as measured in Green River sediments Sr (Criss and Fleck, 1987) . Limited data from the Challis volcanics suggests that they have more intermediate Sr content and 87 Sr/ 86 Sr signature (e.g., Norman and Leeman, 1989) . All of these locations are likely to have contributed low δ 18 O water, but the Sr isotope signature expected from different relative contributions from these areas would vary widely.
The eruption of large volumes of vol canic material in the Absaroka and Challis areas undoubtedly affected existing regional drainage networks. Cretaceous southeast-trending paleovalleys within the Challis Volcanic Field (Janecke et al., 2000; Sears and Ryan, 2003) indicate eastward drainage from the Sevier fold and thrust belt of Idaho. Sanidine 40 Ar/ 39 Ar ages from quartzite-bearing ash-fl ow tuffs indicate that these valleys were infi lled between 49.51 ± 0.14 Ma and 48.64 ± 0.12 Ma (M' Gonigle and Dalrymple, 1996; Janecke et al., 1999; Janecke et al., 2000) . This implies that they were fi lled in at approximately the time of the inferred river capture by Lake Gosiute. Water diverted from the drainages through these paleovalleys may have contributed to a captured river ultimately draining into Lake Gosiute.
Eocene conglomerates in the Bighorn, Wind River, and northern Green River basins also provide evidence of drainage sourced to the north and west, in the form of Paleozoic quartzite on June 4, 2010 gsabulletin.gsapubs.org Downloaded from clasts which have been tied to the HarebellPinyon Conglomerates of the Jackson Hole area (Love, 1939; Keefer, 1965; Dorr et al., 1977; Krause, 1985) . In the Wind River Formation near Du Noir, Wyoming, similar rounded Precambrian quartzite clasts with pressure scars are associated with the earliest occurrence of volcanic pebbles (Keefer, 1957) , suggesting association of Harebell-Pinyon type clasts with the early Absaroka volcanics. The most likely original source for these clasts is the Pre cambrian Belt Supergroup in central Idaho (Lindsey, 1972; Janecke et al., 2000) , although conglomerates in the Bighorn, Green River, and Wind River basins may represent reworked HarebellPinyon sediments (e.g., Krause, 1985) . Whether directly deposited or reworked, these conglomerates also indicate a history of drainage south and eastward into the Laramide basins, consistent with the presence of a northwestern-sourced river during the Eocene.
Rapidly building Absarokan topography during Laney deposition would have presented a considerable obstacle to east-fl owing drainage, and an east-fl owing river would have been susceptible to capture by Lake Gosiute as volcanic debris blocked pathways to the Bighorn and Wind River basins. Additionally, if some drainage from central Idaho was already reaching the Greater Green River Basin during deposition of the lower LaClede, growing Challis topography could have contributed to both increased water volume and decreased δ (Seal and Rye, 1993) providing direct evidence of isotopically light water in central Idaho (Fig. 1) . Criss and Taylor (1983) 
CONCLUSIONS
Combined oxygen isotope geochemistry and stratigraphic correlation support the conclusion of Rhodes (2002) that a fundamental lake-type change took place in the Laney Member of the Green River Formation between ~48.9 and 48.7 Ma. This transition, from balance-fi lled to overfi lled conditions, is expressed by lithologic change and an isotopic shift toward lower δ 18 O values in lacustrine carbonate. The isotopic record of lake-type change provides a correlation tool that can be applied where facies cycles are poorly expressed in the lower LaClede.
Capture of a low δ
18
O drainage network is consistent with the isotopic record, lithologic record , and paleogeographic setting of the Laney Member, and provides the best explanation for the observed shift. Mass-balance modeling of Lake Gosiute also upholds this interpretation, demonstrating that capture of a large, low δ 18 O river could generate the observed change.
This study provides evidence that upstream geomorphic change can exert signifi cant control over the isotopic composition of downstream waters, especially in settings with signifi cant topographic relief such as those where oxygen isotopes are used to infer orogenic histories. Therefore, robust interpretations of other isotopic records from continental settings must include an understanding of the associated drainage histories of upstream catchments.
